ABSTRACT-The vertical distribution of the planktonic, phototrophic ciliate Mesodimurn rubrum was monitored during a red-water event in daylight hours, over a complete tidal cycle Theoretical considerations based upon the hydrodynamics of the estuary, and upon the behaviour of the ciliate described to date, suggest that the population should not be able to resist flushing losses from the estuary. However, field observations reveal a pattern consisting of aggregation close to the surface during flood tide and high water, but dispersion away from the surface on the ebb tide, thus minimizing flushing losses due to the strong superficial currents Evidence is presented suggesting that the major cue for such migration may be the turbulence generated by shearing of surface currents, or gravitational (static) instability of surface water.
INTRODUCTION
Tidal flushing is accepted to be a fundamental factor controlling the development of plankton populations in estuaries (Ketchum 1954) . Several bloom-forming dinoflagellate species reduce flushing losses indirectly, through surface avoidance, by combinations of motile responses to various abiotic parameters, such as light, temperature, salinity and nutrients (e.g. Eppley et al. 1968 , Anderson & Stolzenbach 1985 , Chang & Carpenter 1985 . Although the role of ciliates in marine ecosystems has also attracted much recent interest as an important component of the microplankton (e.g. Beers et al. 1980 , Smetacek 1981 , the adaptive significance of their considerably greater motile capacity has received only limited attention to date (e.g. Dale 1987 , Jonsson 1989 . Moreover, recent observations on the abundance of mixotrophic and phototrophic ciliates (Stoecker et al. 1987 , Crawford 1989 suggest that significant quantities of planktonic chlorophyll may be packaged in forms with much greater mobility than previously anticipated.
The planktonic ciliate Mesodinium rubrum (Lohmann) Hamburger & Buddenbrock forms non-toxic Present address: University Marine Biological Station, Millport, Isle of Cumbrae, Scotland, KA28 OEG, UK red-water blooms around the world in coastal and upwelling ecosystems (Taylor et al. 1971 , Lindholm 1985 . M. rubrum is enabled to be an obligate, functional phototroph (Ryther 1967 , Barber et al. 1969 by the presence of an algal (cryptomonad) endosymbiont (Hibberd 1977) . It is thought to be the most strongly integrated association known between host and photosynthetic cytobiont (Taylor 1982) , and has been responsible for some of the highest rates of planktonic primary productivity on record (Taylor 1982 , Lindholm 1985 . Thus, often erroneously grouped within the microzooplankton, M. rubrum is functionally a member of the phytoplankton (Sieburth et al. 1978 , Lmdholm 1985 , Crawford 1989 , and has been seriously neglected as such in routine surveys to date (Crawford 1989) . M. rubrum attains phenomenal swimming speeds of over 8 mm s-' (ca 200 body lengths s-I; Lindholm 1985 , Jonsson & Tiselius 1990 , an order of magnitude greater than the majority of dinoflagellates (Smith & Barber 1979) and several times quicker than most ciliates (Sleigh & Blake 1977 , Dale 1987 . Such swimming speed enables M. rubrum to perform diurnal vertical migrations of some 40 m in the Peru upwelling zone (Smith & Barber 1979) .
Mesodinium rubrum causes recurrent red-water events each summer and autumn in Southampton Water, England (Williams 1980 , Soulsby et al. 1984 , an estuary characterised by a peculiar tidal regime consisting of a double high water, some 2 h apart, followed by a short ebb tide with near-surface currents reaching 0.5 to 1.0 m s-I (Dyer 1973) . M. rubrum is usually described as forming discrete surface or subsurface (1 to 2 m) maxima during the day, apparently in response to light (Bary & Stuckey 1950 , Smith & Barber 1979 , and swimming down or dispersing at night (Smith & Barber 1979 , Soulsby et al. 1984 . However, this behaviour pattern would clearly place the bulk of the population in a zone of intense nearsurface currents during daytime ebb tides. Here, we examine evidence for a mechanism by which M. rubrum could maintain itself in the estuary when faced with such potential flushing losses.
MATERIALS AND METHODS
Surveys were conducted during the summers of 1985 and 1986 from a small research launch, anchored at Eling buoy, at the head of the River Test/Southampton Water estuary (Fig. 1) . In such a dynamic estuary, it is impossible to track a body of water over the tidal cycle, using a drifting boat for example; the strong surface currents carry the boat swiftly downstream on the ebb tide, giving no advantage over the anchored boat.
In July 1985, sampling was undertaken over a complete tidal cycle. Water samples were taken with a Van-Dorn bottle at 4 depths (1, 4, 7, and 10 m), staggered at 15 min mtervals, each depth sampled once every hour. Subsamples of 125 ml were preserved with 1 % Lugol's iodine (see Crawford 1989) immediately after sampling, and stored in amber glass bottles in the dark for subsequent cell counts. Mesodinium rubrum was enumerated (after concentration by sedimentation, when necessary) in a Sedgewick-Rafter counting chamber, using an Olympus BH2 microscope. Vertical profiles of physical parameters were taken at 1 m intervals every 20 min using a NBA CTU-1 profiling CTD and NBA current meter.
In July 1986, Mesodinium rubrum distribution was monitored over ca 8 h, using in situ chlorophyll fluorescence as an index of abundance; approximately every 2 h at 1 m intervals, water samples were pumped through a Turner Designs flow-through fluorometer. Only changes in relative fluorescence are shown; peaks represent chlorophyll levels in excess of 100 mg m--and were dominated by M. rubrum (100 mg m-3 chlorophyll a represents approximately l o 9 cells m 3 ) .
RESULTS
Tidal advection past the fixed anchor station revealed significant horizontal fluctuations in the abundance of Mesodinium rubrum. To account for this, vertical distribution of M. rubrum (Figs. 2 & 3 ) was represented as percentages of the total numbers integrated from the surface to 10 m; cell numbers (rn--) were first expressed, at any given 1 m depth interval, as a percentage of the total integrated population (cells m 2 ) . The depth, from the surface, of the 50 % 'centre of gravity' of the population (thick solid line) was then derived, together with the 20 and 80 % levels (stippled area between upper and lower dashed lines) to show degree of aggregation. This representation of population distribution is likely to considerably underestimate the actual degree of aggregation, since only 4 depths were sampled; this species aggregates to such an extent that a sampling interval of 0.5 to 1 m is preferable (Crawford 1989 , Lindholm & Mork 1990 , though not always logistically feasible. (as described above) and physical properties of the maximum and the physical parameters during the water column. Use of contours allows visual separebb tide. The relationship with the 17 OC isotherm ation of migrational and advective phenomena, i.e. appeared strongest and could represent either a whether population contours followed those of water migration, with temperature as a cue, or an artifact mass properties. It was evident that during the ebb resulting from advective changes, with the population tide, between 15:OO and 18:OO h, the population deepresiding at a preferential optimum temperature. ened considerably, and thus was not exposed to the However, neither interpretation is supported by the near-surface flow, where flushing is greatest. Some sharp but temporary downward displacement without coherence was apparent between the population apparent cue, which occurred approximately be- tween 1st and 2nd high waters (12:OO to 14:OO h). During this period, the population maximum crossed contours of temperature, salinity and density, while current speed remained relatively stable. Salinity, and density in particular, showed evidence of a mixing event, although the slope of contours of population displacement was much sharper than those of either factor. To further investigate the role of mixing, density and current speed profiles were transformed into an index of dynamic stability, represented by the Richardson Number (Ri), as shown in the contour plot in Fig. 3: where g = gravitational constant; p = density; u = current velocity; z = depth. Ri is a dimensionless index of the stabilizing effect of buoyancy, generated by the density profile, against the destabilizing effect of vertical current shear. The critical threshold value below which shear forces generate turbulence is Ri = 0.25 (Dyer 1973) , though in estuaries this is accepted to be closer to Ri = 1. Below Ri = 0, turbulence results from static instability. The period between the 2 high waters was charactensed by surface turbulence extending down to 3 m, principally generated by gravitational instability (Fig. 3) . The population maximum appeared either to avoid or be mixed downward by this increased turbulence. The coherence between the slope of Ri contours with those of the population distribution is remarkable. Since the bulk of the population remained within a zone of 'stable' water (Ri > I), and depth regulation is possible even by weakly motile phytoplankton when Ri = 0.5 to 1.0 (Ganf 1974) , this would suggest that the majority of Mesodinium rubrum cells were not subject to vertical mixing, but rather may have been actively aggregating away from surface turbulence. At about 12:OO h, the population even appeared to be 'squeezed' between turbulence close to the surface and a turbulence zone (probably shear-generated) at about 2 to 3 m. Over the tidal cycle as a whole, the population maximum tended away from turbulent mixing zones, except briefly during ebb tide, where contours of Ri< 1 were crossed. On the ebb tide, turbulence is principally generated by the shearing of surface currents.
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, , , (Figs. 2 to 4) , also suggests that light was not a major factor during daylight hours. However, this does not necessarily argue for light-independence for the vertical migration of M. rubrum; on the contrary, it appears to be strongly phototactic (see Lindholm 1985 for review) and has been reported to exhibit a diurnal migration pattern in Southampton Water (Soulsby et al. 1984) (Lindholm 1985) . However, the interpretation of aggregation away from turbulence is supported b y other published evidence. By means of rapid swimming, in response to small scale water movements, M. rubrum avoids isolation b y micropipette (Taylor et al. 1971 , Lindholm 1985 and substantially reduces capture efficiency b y the feeding appendages of the copepod Acartia tonsa (Jonsson & Tiselius 1990) . Since the motile behaviour of M. rubrum alternates between rapid 'jumps' and periods of motionlessness (Lindholm 1985 , Crawford 1989 , Jonsson & Tiselius 1990 (Costello et al. 1990 Lindholm 1985) .
T h e role of turbulence i n red tide ecology has clearly been underestimated, and is only now becoming fully apparent. Turbulence has been shown to interfere with growth (White 1976 ), cell division (Pollinger & Zemel 1981 and motility (Thomas & Gibson 1990a, b ) Garcon et al. (1986) 
